Late morulae and blastocysts produced in vitro were nonsurgically transferred to heifers by unilateral (n = 184) or bilateral (n = 94) transfer. Of the recipients, 58% had serum progesterone values > 1 \ m=. \ 4ng ml \ m=-\ 1 on day 21 and rectal palpation on day 35 showed that 50% (138 of 278) were pregnant. The embryonic mortality rate between days 21 and 35 was estimated to be about 14% and between days 36 and 90 to be about 12%. Of the animals, 8% aborted between days 91 and 250 of pregnancy. No difference was observed in pregnancy rates between unilateral transfer of one (47%) or two embryos (49%) and bilateral transfer (53%), or in the twinning rate between bilateral transfer (42%) and unilateral transfer of two embryos (33%). The pregnancy rate was 54% with embryos evaluated as morphologically excellent or good, 51% with fair embryos and 26% with poor ones. A higher pregnancy rate (60%) was obtained after embryo transfer when the synchrony between recipient and embryo was \m=-\1 day.
Introduction
Births of calves resulting from oocytes matured in vivo (Brackett et al., 1982; Sirard et al., 1985) or in vitro Utsumi et ai, 1988) and fertilized in vitro were first obtained after in vivo culture of the resulting zygotes in oviducts of intermediate animals before embryo transfer to final recipients. In the last few years, methods for in vitro culture of early embryo stages from oocytes matured and fertilized in vitro (IVM-IVF) using suitable cell culture systems have been established and pregnancies have resulted from transfer of the embryos produced in vitro to recipients (Goto et al., 1988; Eyestone & First, 1989; Kajihara et al., 1990; Lu et al., 1990; Xu et al., 1990) . These new methods have many advantages over the in vivo methods; for example, they are less expensive, and provide the possibility of producing a high number of embryos, making it possible to evaluate and manipulate the embryos during development. This opens up many possibilities for correlative studies, such as raising clones, the transfer of genes and the detailed study of early embryonic development (Leibfried-Rutledge et al., 1989; Rexroad, 1989; Gagné et al., 1990) . These methods also make it possible to produce calves from superior cows with interesting traits, but which are infertile for nongenetic reasons (Shea et al., 1983) . Development rates of IVM-IVF bovine oocytes in different cell culture systems have been described in previous reports (Berg & Brem, 1989 . The present study determined the pregnancy results after transfer of morulae and blastocysts to a large number of recipients and evaluated their competence to develop to term.
Materials and Methods

Recipient animals
Nulliparous crossbred German Simmental and crossbred Friesian heifers, about 15-18 months old and 350-550 kg, were kept in groups of six to nine animals per lot without access to exercise lots. They were fed maize or grass silage, sweet feed ad libitum. The animals had free access to water and salt-mineral licking stones.
Signs of oestrus, such as standing to be mounted, mounting other heifers and other behavioural signs, were monitored twice a day (dawn and dusk). Synchronization was either performed by a single intramuscular injection of 500 µg cloprostenol (Estrumate: Coopers, Burgwedel, Germany), administered in the midluteal phase, or by a progesterone-releasing intravaginal device (PRID; Abbovestrol: Sanofi, Düsseldorf, Germany), which was placed in the vagina for 12 days, regardless of stage of the oestrous cycle. The onset of oestrus (day 0) was defined as the period in which the heifers first stood to be mounted by other heifers or showed other behavioural signs of oestrus.
Production of embryos
The IVM-IVF and co-culture system was described by Berg & Brem (1989 . Ovaries of nonpregnant animals were obtained by slaughter, and follicles with a diameter of 2-6 mm were punctured to collect cumulus-oocyte com¬ plexes. Oocytes with a complete dense cumulus oophorus and dark evenly granulated cytoplasm were matured for approximately 24 h at 39°C in TCM 199 medium supplemented with 2 00 mmol sodium pyruvate l"1, 2-92 mmol calcium lactate 1_1, 10 µg follicle-stimulating hormone (FSH-P; Schering, Kenilworth, NJ, USA) ml-1, in a Hepes carbonate buffer system (4-43 mmol Hepes and 33-90 mmol sodium bicarbonate 1_1), containing 60 µg gentamycin ml-1 and 20% heat-inactivated oestrous cow serum. IVF (day 0) was achieved using frozen-thawed semen (106 spermatozoa ml-1) which had been subjected to a swim-up procedure described by Parrish et al. (1986) . The IVF medium consisted of a Tyrode's solution (TALP) modified as described by Barister & Yanagimachi (1977) and supple¬ mented with 0-6% bovine serum albumin, 1 µ epinephrine I-1, 10 µ hypotaurine 1~' and 10 µg heparin ml" ' (Ball et ai, 1983 ). The incubation time was about 20 h. The culture conditions for IVM-IVF consisted of 5% C02 in air of maximum humidity. The embryos were subsequently cultured for about 6 days at 39°C under paraffin oil in four-well tissue-culture plates (Nunc, Roskilde, Denmark) in TCM 199 (as for the IVM medium but without folliclestimulating hormone) in 5% C02, 5% 02 and 90% N2. Granulosa cells from the cumulus grew into a cell layer within a short time.
Embryo transfer
On day 7 after IVF (day 0), the culture plates containing the co-culture medium and the embryos were transported (for about 2 h) to the recipients in a thermo-cell-transporter (Labotect, Göttingen, Germany) at 37°C in 5% C02, 5% 02 and 90% N2. Embryos that had reached the late morula and blastocyst stage by this time were evaluated by morphological criteria and graded as excellent (spherical, symmetrical with cells of uniform size, colour and texture), good (trivial imperfections, such as a few extruded blastomeres, irregular shape, few vesicles), fair (presence of extruded blastomeres, vesiculation, few degenerated cells) or poor (numerous extruded blastomeres, degenerated cells, cells of differing size, large numerous vesicles, but an embryo mass of viable appearance) by light microscopy (Lindner & Wright, 1983) . Embryos selected were washed three times in phosphate-buffered saline medium supplemented with 0-4% bovine serum albumin and transferred non-surgically to synchronous or asynchronous recipients. The synchrony between the age of the transferred embryo and the day of the oestrous cycle of the recipient was evaluated by assuming that late morulae were in synchrony with day 6 recipients and that blastocysts were in synchrony with day 7 recipients. Heifers were only selected as recipients if they showed signs of oestrus, had a functional corpus luteum and were free of cystic ovarian follicles and genital abnormalities detectable by palpation per rectum. All recipients were tranquillized by an intramuscular injection of acepromazin-maleate (Vetranquil: Albrecht, Aulsndorf, Germany) and received epidural anaesthesia (Lidocain: Chassot, Ravensburg, Germany) 5-10 min before embryo transfer. They were treated with clenbuterolhydrochloride (Planipart: Boehringer, Ingelheim, Germany), for relaxation of the uterus. A sterile embryo transfer gun (0-25 ml straw), ensheathed in a sterile nylon film (Chemise Sanitaire: France) was passed into the vagina and, when next to the cervix, the sheath was retracted and the gun was advanced through the cervix. One or two embryos, depending on the availability of embryos each day, were deposited in the uterine horn ipsilateral to the corpus luteum (unilateral transfer of one or two embryos) or in both horns (bilateral embryo transfer). During unilateral or bilateral twin transfers, one embryo of higher quality was transferred with an embryo of lesser quality. In bilateral transfers, the higher-quality embryo was always deposited ipsilateral to the functional corpus luteum.
Pregnancy diagnosis
Heifers that did not show oestrus after embryo transfer underwent pregnancy tests, determined by radioimmunoasjay of plasma progesterone concentration on day 21 and palpation per rectum on day 35. Heifers were diagnosed as pregnant when concentrations of progesterone in plasma on day 21 were >l-4ngml_1 (reference value) and palpation was positive on day 35. Heifers that failed to become pregnant after three consecutive embryo transfers were excluded from the study. Data were statistically analysed by the 2 test.
Results
Pregnancies
Of 278 recipients of embryos, 161 (58%) had progesterone values >l-4ngml~1 on day 21 (Table 1) ; ten of them showed oestrus between days 28 and 35; 13 did not show visible signs of oestrus within this time, but palpation on day 35 was negative: the remaining 138 (50%) heifers were pregnant by the time of the first examination per rectum (day 35). The embryonic mortality rate between days 21 and 35 was estimated as about 14%, from the results. The number of pregnan¬ cies was reduced to 121 (44%) by the time of the second examination (day 90). Embryonic mor¬ tality rate between days 36 and 90 was about 12%. Eleven (8%) more recipients aborted between days 91 and 250 of gestation.
The abortion rate (days 91-250) after unilateral transfer of two embryos (22%, 6 of 27) was higher ( < 005) than after unilateral transfer of single embryos (3%, 2 of 61) or after bilateral transfer (6%, 3 of 50). After unilateral transfer of two embryos, nine twin pregnancies were produced, but only one set of twins developed to term; the other eight recipients aborted, six of them between days 91 and 250.
There were no differences in pregnancy rates (day 35) between the ipsilateral transfer of one embryo (47%, 61 of 129), unilateral twin embryo transfer (49%, 27 of 55) or bilateral transfer (53%, 50 of 94). The twinning rate for ipsilateral transfers (33%, 9 of 27) was lower than, but not different from, that for bilateral transfers (42%, 21 of 50). In the group of recipients that received single embryos, one animal gave birth to monozygotic twins.
Embryos were produced in vitro each week over a long period. It was, therefore, possible to transfer embryos every week and to include animals that had failed to become pregnant, as subsequent recipients 21 days later, without having to resynchronize them. These recipients showed lower pregnancy rates (P < 005, 37%, 13 of 35) than animals synchronized with PRID (58%, 36 of 62) or cloprostenol-treated heifers (49%, 89 of 181). Animals that failed twice to become pregnant showed lower pregnancy rates (39%, 14 of 36) than animals that failed once (46%, 44 of 96) or recipients that became pregnant with the first embryo transfer (55%, 80 of 146). Differences in pregnancy success also resulted after unilateral transfer of one embryo in the late morula (39%, 10 of 26), early blastocyst (43%, 6 of 14), blastocyst (49%, 31 of 63) or expanded blastocyst stage (54%, 14 of 26).
A higher (P < 005) pregnancy rate (day 35) was observed after embryo transfer when the relative synchrony between recipient and embryo was -1 day (60%, 31 of 52) compared with + 1 day (30%, 9 of 30; Table 2 ). Pregnancy rates attained were 54% with morphologically excellent or good embryos, 51% with fair embryos, and 26% with poor embryos (P < 005).
Births and calves
A total of 110 full-term or nearly full-term pregnancies was produced. The first successful pregnancy ended in the abortion of a female fetus, 254 days after embryo transfer. In July 1989, the first recipient came to term and delivered a male calf. More than 80 calves have now been born, among them ten sets of twins. One calf was born with paresis affecting the hind limbs, but fractures or congenital abnormalities could not be identified by clinical examination. All other calves appeared to be normal at birth. The length of gestation for single pregnancies ranged from 276 to 304 days. Gestation was 11 days shorter for twin-calving animals. Newborn male calves represented 56% of the births. Twin-calf birth weight (mean ± SD, 36 + 9 kg) was lower than, but not different from, that of single calves (46 + 6 kg); single male (48 + 5 kg) and single female (43 ± 6 kg) calves had similar birth weights. Dystocia or difficult births were not observed in heifers producing twins, but calving assistance was necessary in many animals that delivered single calves. Assistance to 12 of these births involved Caesarean section and one stillbirth was registered. Birth weight of calves born after Caesarean section was 52 + 6 kg. More (nine) single calves died during or soon after a difficult delivery that did not involve Caesarean section.
Discussion
Pregnancies and birth of live offspring have been established by the transfer of the embryos derived from our previously reported in vitro culture system. The results confirm earlier reports of satisfac¬ tory pregnancy rates following transfer of embryos produced in vitro (Goto et al., 1988; Eyestone & First, 1989; Lu et al., 1990; Xu et al., 1990; Yang et al, 1991) . The overall pregnancy rate (day 35) in the present study was 50%. The accuracy of the determination of plasma progesterone on day 21 for detecting pregnancy was 86%. Failure of pregnancy could be confirmed in 100% of the recipients that had <l-4ng progesterone ml-1 on day 21. It is concluded that determination of plasma progesterone on day 21 is a satisfactory method for distinguishing between non-pregnant and pregnant animals after embryo transfer and can be used to identify animals included 21 days later as subsequent recipients, without having to resynchronize them.
The extent of embryonic mortality occurring between day 21 and day 35 was estimated as the number of non-pregnant recipients with >l-4ng progesterone ml"1 on day 21. These animals (14%) showed abnormally long cycles and some of them possibly had an apparent silent or missed oestrus. Extended cycle length may occur for a variety of reasons, including endocrine, environ¬ mental, genetic and intrinsic embryonic factors (Sreenan & Diskin, 1983 King, 1985) . Embryonic mortality rate estimated on the basis of cycle length therefore only provides limited evidence of the real extent of embryonic death after embryo transfer. A certain rate of embryonic loss is expected after embryo transfer, regardless of the kind of manipulation that has been applied to the embryos (Heyman, 1985; King, 1985) . Embryonic loss after transfer was estimated to be 14% between days 21 and 35 and 12% between days 35 and 90. These results are in accord with those reported in other studies involving the transfer of non-manipulated embryos from superovulated donors (Jillella & Baker, 1978; Christie et al., 1980; Renard et ai, 1980; Heyman, 1985) . It can be concluded, therefore, that transfer of embryos produced in vitro does not significantly increase the embryo mortality rate expected when non-manipulated embryos are transferred to recipients.
The pregnancy rates (day 35) achieved after unilateral transfer of two embryos to the uterine horn ipsilateral to the corpus luteum (49%) or after bilateral transfer of single embryos to each uterine horn (53%) were not different from that observed after unilateral transfer of single embryos (47%). Although the transfer of an additional embryo to the ipsilateral or contralateral uterine horn did not decrease the pregnancy rate obtained after unilateral transfer of single embryos, the abortion rate was higher after the unilateral transfer of two embryos (22%) than after unilateral transfer of single embryos (3%) or after bilateral transfer (6%). After the unilateral transfer of two embryos, only one twin-pregnancy came to term. The remaining recipients aborted twins, in most cases during the last third of gestation. Rowson et al. (1971) suggested that competition between embryos within a single uterine horn seemed to occur after unilateral transfer of two embryos. Rowson et al. (1972) indicated that, because transuterine migration rarely occurs in cattle, embryonic death after unilateral transfer of two embryos results simply from overcrowding in the one horn. Bellows et al. (1974) proposed that a higher twinning rate could perhaps be achieved from multiparous cows than from virgin heifers. The high occurrence of twin-aborts after unilateral transfer of two embryos observed in our study corroborates this idea. For the production of twin calves, bilateral transfer is therefore preferable over unilateral twin transfer, especially when heifers are used as recipients.
The twinning rates (33 and 42%) were low compared with results obtained with bilateral surgical transfer of embryos produced in vivo (Rowson et ai, 1971; Sreenan et al., 1975 Sreenan et al., , 1978 Anderson et al., 1978) and with that reported after unilateral transfer of two embryos (Boland et ai, 1975; Testart et ai, 1975) . Similar twinning rates were reported by Newcomb et al. (1978) after surgical transfer of an embryo to one uterine horn and non-surgical transfer to the other, and by Yang et al. (1991) after twin-transfer of embryos produced in vitro. A low twinning rate was expected in our study because embryos of varying quality (and therefore viability) were transferred together. More meaningful results would have been generated by restricting twin-transfers to excellent or good embryos only. One recipient gave birth to monozygotic twins, even though only one embryo was transferred to this animal. The birth of monozygotic twins following the transfer of single embryos obtained from superovulated cows was also reported by King et al. (1985) .
A higher (60%) pregnancy rate was achieved following embryo transfer when the relative synchronicity between recipient and embryo was -1 day (Table 2 ). Kajihara et al. (1990) obtained higher pregnancy rates after transfer of embryos produced in vitro to asynchronous recipients. However, the achievement of higher rates after embryo transfer to -2 days asynchronous recipients was not confirmed in our study. Embryos produced in vivo and collected from the uterus of superovulated donors should be returned to the uterus of recipients at approximately the same stage in their oestrous cycle as the donors (Rowson et al., 1969; Hasler et al., 1987) . Our results for the transfer of embryos produced in vitro suggest that these embryos develop more slowly than those conceived in vivo and should therefore be transferred to -1 day asynchronous recipients. Embryo evaluation to select the most viable for transfer is practised routinely in embryo transfer programmes. A difference in pregnancy rates occurred when excellent or good, as opposed to fair or poor quality, embryos recovered from superovulated donor cows were transferred (Shea, 1981; Lindner & Wright, 1983; King et al, 1985; Hasler et al., 1987) . The transfer of embryos produced in vitro evaluated as morphologically excellent, good or fair, resulted in a higher pregnancy rate than the transfer of poor embryos ( Table 2) .
Animals that fail to become pregnant after embryo transfer are usually used repeatedly as recipients. In the present study, the pregnancy rates in previously failed recipients was lower than after first transfer. The post-transfer survival rate of embryos depends on the interaction between intrinsic factors that are known to affect the embryo adversely, such as chromosome abnor¬ malities, and extrinsic factors, such as the recipients themselves (King, 1985) . The lowered preg¬ nancy rates for second and third transfers were, therefore, not always due to the infertility of such recipients.
The satisfactory pregnancy rate obtained with PRID-synchronized heifers (58%), which was higher than that obtained with cloprostenol-synchronized animals (49%), suggests that PRID provides an efficient means of synchronizing oestrus in recipients. However, the device was not always simple to administer to heifers and different degrees of vaginitis were observed. There were no attempts to cleanse these vaginal secretions before embryo transfer. The use of sterile nylon film (Chemise Sanitaire) to cover the embryo transfer gun in the vagina up to penetration of the cervix may have prevented infection of the uterus.
There are many other factors that influence post-transfer embryo survival rate: some of these are intrinsic to the embryo itself or acquired during in vitro manipulations (Heyman, 1985; Sreenan & Diskin, 1987; Berg & Brem, 1990) . The results of the present study indicated that satisfactory pregnancy results can be obtained when excellent, good or fair embryos, derived from previously reported in vitro culture systems, are transferred to -
